Seismic velocities were calculated for 11 eclogites from the Western Gneiss Region, Norway, based on electron-backscatter diffraction (EBSD). The P-wave velocities are 8.0-8.5 km s -1 and the S-wave velocities are 4.5-4.8 km s -1 ; V P /V S1 (the ratio of P-wave to fast S-wave velocities) is 1.74-1.81. All the eclogites are relatively isotropic, with the higher anisotropies (3-4 per cent) in micaceous samples. Peridotite is comparatively more anisotropic (4-14 per cent more for P waves and up to 10 per cent more for S waves), and can have anomalously low V P /V S1 , which may be useful means of distinguishing it from eclogite. Micaceous eclogite may be modelled using hexagonal anisotropy with a slow unique axis, whereas peridotite is most robustly modelled using orthorhombic anisotropy.
I N T RO D U C T I O N
While seismic anisotropy in the mantle has been chiefly interpreted as reflecting the crystallographic preferred orientation (CPO) of olivine caused by mantle flow (e.g. Hess 1964) , utilizing anisotropy to identify the volume and distribution of mafic rocks in Earth's upper mantle and lower crust is central to advancing our understanding of geodynamics (e.g. Hetényi et al. 2007; Monsalve et al. 2008) . Physical property measurements (Christensen 1979; Christensen 1996) and calculations derived from mineral physical properties (e.g. Hacker et al. 2003) indicate that typical peridotite and eclogite have essentially the same isotropic velocities and are therefore indistinguishable at depth within Earth. Several features render this conclusion worthy of further investigation, however: (i) eclogites have a range of compositions other than MORB (Coleman et al. 1965) ; (ii) not all peridotite is the same composition; (iii) eclogite and peridotite can have anisotropic velocities. This contribution assesses whether it is possible to distinguish eclogite from peridotite using seismic velocities or velocity anisotropies, by comparing the elastic properties of a range of eclogite and peridotite compositions.
Although 'bimineralic' eclogite typically consists of garnet and omphacite with minor rutile, other minerals are stable in bulk compositions different from basalt. Phengite ± kyanite are stabilized by elevated K 2 O or Al 2 O 3 and orthopyroxene ± biotite are stabile in picritic or pyroxenitic eclogite with elevated MgO and depleted CaO (Nakamura 2003) . Lawsonite, amphibole and/or zoisite are stable in some low-temperature eclogite (Poli & Schmidt 1998) . This pa- * Now at: University of Arizona, Tucson, USA.
per quantifies the seismic signature of eleven eclogite samples. We conclude that even strongly deformed eclogite is indeed essentially isotropic, with the exception of micaceous end-member compositions, whose compressional wave anisotropy is 3-4 per cent. Eclogite velocities are within the range of those calculated for peridotite, which can be considerably more anisotropic.
The eclogite samples come from the Western Gneiss Region (WGR, Fig. 1 ), a polymetamorphic terrane in southwestern Norway, formed during the Caledonian collision of Baltica and Laurentia (Eskola 1921; Krogh 1977) . In particular, these eclogites formed in deeply subducted portions of the Baltica quartzofeldspathic craton where temperatures reached 850
• C and pressures reached 3.6 GPa during the Scandian UHP-HP phase (425-400 Ma) of the Caledonian orogeny (Cuthbert et al. 2000; Hacker 2006 ). The samples are minimally or non-retrogressed, and any alteration was purposefully ignored when calculating physical properties. We compare these eclogites to a range of peridotite samples reported in the literature.
S E I S M I C A N I S O T RO P Y
Minerals are elastically anisotropic, and when aligned, impart a directional dependence to P-and S-wave velocity and polarization direction (e.g. Mainprice 2007) . Shear waves split into orthogonally polarized fast (S 1 ) and slow (S 2 ) components when propagating through an anisotropic medium (Silver 1996) , and the magnitude and orientation of this splitting are functions of the medium's elastic symmetry (as described by the Christoffel tensor) and the wave propagation direction through the medium. Therefore, the delay time between fast and slow shear waves (δt) and the azimuthal Kretz (1983) . Samples were selected to represent the range of common eclogite types, clockwise from top left: bimineralic eclogite, phengite ± kyanite eclogite, amphibole eclogite and orthopyroxene ± biotite eclogite (see text).
orientation of the fast shear wave's polarization plane (φ), which are recorded by seismometers at the surface, are common variables of interest in anisotropy studies. Whereas variations in δt and φ can indicate the presence and orientation of features in the shallow crust such as joints, veins and layering, the focus here is on the relationship of these variables to CPOs in eclogite and peridotite in the lower crust and upper mantle.
Shear-wave splitting is most commonly and successfully measured using SKS (and SKKS) waves, which are converted P-to-S phases that have passed through Earth's core. The utility of SKS waves lies in their known S V polarization (independent of the earthquake's focal mechanism), which requires that any observed anisotropy is derived from the receiver side of the ray path out of the core (Savage 1999) . The broad similarity between S waveforms from earthquakes deeper than 400 km and SKS waveforms indicates that the lower mantle is largely isotropic (e.g. Kaneshima & Silver 1995) , with the exception of the D region of the lowermost mantle, which is commonly anisotropic (Wenk et al. 2011) . Most studies have modelled the D region as hexagonally anisotropic with a vertical unique axis (Savage 1999) , however, which yields negligible splitting for subvertically incident SKS waves. The lower mantle is thus effectively isotropic for SKS waves, such that any observed SKS splitting should result from anisotropy within the lithosphere and upper mantle.
SKS studies have the important restriction that only subvertically incident rays within the shear-wave window (incidence angle <35 o from vertical) are used. This restriction derives from the fact that rays with greater incidence angles generate non-linear particle motion from post-critical S-to-P reflections at the surface, which distort the amplitude and phase of the recorded wave (Savage 1999 ). Therefore, the shear-wave window is included and discussed in this study where it is relevant, and a horizontal foliation is often assumed. The common technique of analysing shear-wave splitting in stacks of SKS signals in regional arrays of broad-band seismometers produces excellent lateral resolution but poor vertical resolution (Biryol et al. 2010 ) of lithospheric and upper-mantle structure below the array. Receiver functions, classically used to determine depths to interfaces, also provide useful information regarding the azimuthal variation in anisotropy, and are an effective tool for modelling layers of hexagonal isotropy in the lower crust (e.g. Porter et al. 2011) and upper mantle (e.g. Bostock 1999) .
One means of obtaining improved vertical resolution of the lower crust and upper mantle involves inverting surface-wave dispersion data for S-wave structure (e.g. Bensen et al. 2008; Marone et al. 2008; Warren et al. 2008) . Because surface waves are frequencydispersive, they sample a continuum of depths as a function of frequency. Coupling this depth sensitivity with discrepancies between Rayleigh and Love waves provides a means of identifying zones of radial anisotropy in the crust (e.g. Shapiro et al. 2004 ) and mantle (e.g. Ekström & Dziewonski 1998) . Inverting long-period surface waves for S-wave structure in the upper mantle provides improved vertical resolution but poorer lateral resolution, although this can be improved by implementing arrays of seismometers. In addition to improved depth resolution, surface waves are not restricted to the shear-wave window, and may, therefore, sample more complete 3-D variation in anisotropy of eclogite and peridotite. This may improve the characterization of azimuthal anisotropy in regions that are outside the effective shear-wave window of extant seismic arrays, for instance.
The most coherent means of assessing the structure of the lower crust and upper mantle is to utilize the strengths of the various seismic methods relevant to these depths. The role of this and similar studies is to provide the seismology community with predictive information regarding the 3-D velocity and anisotropy characteristics of rocks expected in these tectonic settings, which include subduction zones, orogenic roots and Rayleigh-Taylor instabilities.
Display scheme for seismic velocities
Various methods have been used to display seismic anisotropy in minerals and rocks. One method, common in studies that measure rock velocities, is to list velocities in three mutually perpendicular directions (with respect to lineation and foliation) in a table (e.g. Kern et al. 1999) . This provides a first-order means of assessing anisotropy but is incomplete. Another method is to plot velocities along directional traverses between crystallographic directions in minerals or structural directions in rocks (e.g. Weiss et al. 1999) . This paper uses stereographic projections (stereonets) to display complete 3-D variation of seismic parameters in minerals and rocks. Because an elastic tensor (which defines the distribution of P and S velocities and polarizations) is a centrosymmetric property of an elastic medium (Mainprice 2007) , forward and reverse senses of ray propagation in any direction have equivalent seismic properties. Thus, a single hemisphere is sufficient to describe the full range of seismic anisotropy in rocks and minerals. Kretz (1983) : Bt = biotite; Grt = garnet; Hbl = hornblende; Ky = kyanite; Ol = olivine; Omp = omphacite; Opx = orthopyroxene; Ms = muscovite (phengite); Qtz = quartz; Rut = rutile; Zo = zoisite. We use the following naming conventions: V P = P-wave velocity, V S = isotropic shear-wave velocity, V S1 = fast shear-wave velocity, V S2 = slow shear-wave velocity, AV S1 = fast shear-wave anisotropy (per cent), AV S2 = slow shear-wave anisotropy (per cent), δV S = shear-wave splitting, V P /V S1 = P-wave to fast shear-wave ratio, V P /V S2 = P-wave to slow shear-wave ratio. Additionally, we use standard crystallographic notation where (UVW) represents a crystallographic direction, (hkl) represents a crystallographic plane (Miller index), and (UVW) * represents the pole to a crystallographic plane. Crystallographic [100], [010] , and [001] directions correspond to a, b, and c directions, respectively, in the common alternative notation. We use X, Y and Z to represent mutually orthogonal principal directions with respect to the rock fabric: X is the lineation, Z is the pole to the foliation, and Y is perpendicular to both.
M E T H O D S

Sample selection and mineralogy
Eleven eclogite thin sections from the WGR were analysed in this study (Table 1 ; Appendix). The samples were selected to represent the range of common eclogite types: (1) bimineralic, omphacite + garnet eclogite, (2) phengite ± kyanite eclogite, (3) orthopyroxene ± biotite eclogite and (4) amphibole eclogite; all eclogites contain other trace phase such as rutile, quartz, coesite, zircon and/or apatite. The modal abundances of minerals for each sample were determined by point counting with an optical microscope and calculated from elemental abundances obtained with an energydispersive spectrometer (EDS) on an FEI Q400 FEG scanning electron microscope (SEM). The EDS data were collected using a 20 kV accelerating voltage and a working distance of 10 mm. A MATLAB routine written by Sarah Brownlee was used to determine the proportions of each phase.
Determination of CPOs
The CPOs were measured using an HKL electron-backscatter diffraction (EBSD) detector on the SEM. The thin sections were polished using colloidal silica to remove mechanical polishing damage, and were examined uncoated in the SEM in low-vacuum mode with an accelerating voltage of 20 kV and a working distance of ∼10 mm. The thin sections were tilted at 70
• from horizontal. HKL's CHANNEL5 software was used to index and map crystals with a step size of up to 100 μm. The CPO maps were processed into 1-point-per-grain (PPG) data sets by extrapolating wild spikes using all nearest neighbours, a grain-boundary misorientation of 10
• and considering only grains larger than 0.04 mm 2 . The samples are not geographically oriented, and the unfoliated samples were cut arbitrarily. A common orientation was established by rotating the CPOs for obliquely cut samples such that the clinopyroxene [001] CPO is parallel to the lineation (samples A0714S1, A0714S2, G9705N3 and G9708D1 were not rotated).
Determination of seismic velocities at STP and 'peak conditions'
The CPO data were processed using the software of Mainprice 1990. Mainprice's PFch5.exe program was used to plot lower hemisphere, equal-area pole figures in the XZ reference frame. Crystal symmetry considerations (e.g. Nye 1957 ) enable the reduction of the fourthrank elasticity tensor into a 6 × 6 stiffness matrix, which is the conventional means of describing material elastic properties. Using single-crystal 6 × 6 stiffness matrices and the calculated modal abundances, whole-rock stiffness matrices and seismic properties of the eclogites were calculated with ANISch5.exe and averaged via the Voigt-Reuss-Hill method. Retrograde amphibole, biotite and chlorite were specifically ignored so that the calculations reflect eclogite-facies conditions. EMATRIX6.exe was used to rotate the elastic constants into the XY reference frame, to introduce phengite CPOs into the relevant eclogites, to compute a 'grand average' of all 11 eclogites samples, and to synthesize biotite, orthopyroxene and olivine CPOs for the 'Finero' peridotite (see below).
The single-crystal stiffness matrices that we used in our seismic velocity calculations are summarized in Table 2 . For the kyanitebearing eclogites, we have used Vaughan & Weidner's (1978) sillimanite stiffness matrix in lieu of Winkler et al.'s (2001) kyanite stiffness matrix because the former is experimentally derived and represents STP conditions, whereas the latter is derived through quantum mechanical calculations and represents a temperature of 0 K. All the stiffness matrices in Table 2 Mao et al. (2007) 'substitution' to maintain a uniform methodology in our seismic velocity calculations. In addition, we use the coesite stiffness matrix of Angel et al. (2001) instead of that by Weidner & Carleton (1977) because the former corrected an erroneous value in the latter's stiffness matrix. Finally, as a technical note, we use Vaughan & Guggenheim's (1986) stiffness tensor for muscovite as an approximation of phengite, which is very similar in composition and crystal structure to muscovite but a more characteristic component of eclogite mineral assemblages. The Mainprice-based calculations represent STP conditions because the single-crystal stiffness matrices were measured at STP. The pressure and temperature dependencies of the stiffness matrices of few minerals have been measured or calculated. To circumvent this limitation and calculate velocities at high pressure and high temperature, we used the macro of Hacker & Abers (2004) to calculate isotropic rock velocities at STP and 'peak conditions' of 3.0 GPa/750
• C and then simply scaled the anisotropic velocities by the same ratio. Because our 'peak conditions' are in the coesite stability field, we used a coesite stiffness matrix to calculate and scale the 'peak' anisotropic velocities of rocks containing quartz. Mainprice's VpG.exe program was then used to produce lowerhemisphere, equal-area seismic-velocity stereonets of the scaled eclogites and peridotites in an XY reference frame. MATLAB code written by Bradley Hacker and Sarah Brownlee was used to plot V P /V S1 versus V S1 within the shear-wave window (a 35 o cone around the Z direction).
We compare our calculated eclogite velocities to three peridotite samples that are representative of a broad range of peridotite compositions and mineralogies (Hacker & Abers 2012) . The first, 'Italy', is an average of 15 peridotite (mainly dunite and harzburgite) xenoliths from central Italy (Pera et al. 2003) that have the 'type-A' olivine CPO of Karato et al. (2008) . The second, 'Bernard', is an average of 17 harzburgite samples from Bernard Mountain in the Talkeetna arc of Alaska (Mehl et al. 2003; Hacker 2008 ) that have the 'type-E' olivine CPO of Karato et al. (2008) . The third, 'Finero', was created using mineral abundances from Cawthorn's (1975) phlogopite peridotite from the Finero complex of the Ivrea-Verbano zone in northern Italy, a 'type-A' olivine CPO (Karato et al. 2008) , a typical orthopyroxene CPO with [100] axes perpendicular to the lineation ) and a phlogopite CPO with (001) parallel to the foliation. The 'Italy' and 'Bernard' peridotites represent partially depleted upper mantle and 'Finero' represents hydrated upper mantle.
R E S U LT S
Measured CPOs
The measured CPOs of the principal phases in the eclogites are compiled in Fig. 2 In two of the mica-bearing eclogites (A0714S2, K5622A1), the (001) planes of the mica are parallel to the foliation, as expected. In six other micaceous samples (A0714E3, A0714S2, E1612Q5, G9705N3, G9708D1, K5628E1), the indexed mica grains have (001) maxima perpendicular the foliation. This CPO is impossible because the mica sheets are subparallel to the foliation in thin section; it is a product of EBSD indexing bias because the mica is so much softer than the other eclogite minerals that it polishes poorly. When calculating velocities, the mica CPOs from these samples were replaced by the phengite CPO from K5622A1.
Comparison of CPOs to previous studies
The CPOs obtained in this study are generally similar to those measured from other eclogites. The most-common omphacite CPO we observed-with [001] parallel to the lineation and (010) perpendicular to the foliation-was reported by Mauler et al. (2000) , Bascou et al. (2001) and Abalos et al. (2011) . The less common CPO, with a (010) girdle perpendicular to the lineation, was reported by Ji et al. (2003) and Abalos et al. (2011) . The omphacite CPOs suggest a constrictional strain for all samples except A0803B1 and K5622A1, whose foliation-parallel [001] girdles suggest a flattening strain (e.g. Helmstaedt et al. 1972; Bascou et al. 2001) .
The weak garnet CPOs are typical of eclogite (Mainprice et al. 2004) . One of the zoisite CPOs is similar to one reported from a gneiss from the Papua New Guinea UHP terrane (Brownlee et al. 2011) ; the other is new. In aggregate, three of the four zoisite CPOs we know of (this study and that of Brownlee et al. 2011) suggest slip in the [010] direction along the (100) plane. The [001] maximum measured for rutile matches that seen in other studies (Bascou et al. 2001; Ji et al. 2003) . The kyanite CPO has the same [001] direction parallel to the sillimanite measured by Erdman et al. (in review) , but has (100), rather than (010), parallel to the foliation. The amphibole CPOs are expected from unit-cell considerations (Hacker & Christie 1990 ) and [001] maxima closely resemble previous studies of amphibole (Aspiroz et al. 2007; Tatham et al. 2008; Pearce et al. 2011) . The orthorhombic symmetry of the CPOs and their coaxial orientation with respect to the foliation and lineation implies that the overall history was coaxial plane strain in most samples and perhaps coaxial constriction in K5622A1 and K5629B.
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Single-crystal velocities
Because the 3-D seismic velocity structure of single crystals exerts the most fundamental influence on rock velocity, considering the variability of mineral seismic velocities is essential in relating rock mineralogy and CPOs to seismic signature. Fig. 3 shows crystallographically oriented stereonets of single-crystal seismic parameters for minerals common in eclogite and peridotite. The single-crystal properties are not discussed in detail here, but rather are provided as a reference to help the reader discern the origin of the whole-rock velocities. In general, Fig. 3 illustrates how crystal symmetry is manifested through seismic velocities. Cubic symmetry in garnet, monoclinic symmetry in omphacite and hornblende, orthorhombic symmetry in orthopyroxene and olivine, and pseudohexagonal symmetry in phengite and biotite define whole-rock velocities in addition to CPOs and modal abundances of the phases.
Velocity scaling
The effect of increasing pressure and temperature varies with seismic parameter and depends chiefly on composition (Table 3) with pressure and temperature for samples that do not contain quartz, so no change in these parameters between STP and 'peak conditions' is indicated. These parameters do change with pressure and temperature for samples with quartz due to the phase change from quartz to coesite at high pressures, however, so the change is indicated for relevant samples. For samples with quartz, STP calculations were performed using the stiffness matrix for quartz and 'peak' calculations were performed using the stiffness matrix for coesite, scaled from STP to 'peak conditions' using the macro of Hacker & Abers (2004) . Sample Figure 4 . Lower-hemisphere, equal-area stereographic projections of seismic parameters for all eclogite samples (including a 'grand average'), looking down on the foliation plane as shown. Stereonets are grouped by sample in columns as follows: left, P-wave velocity (V P , km s -1 ); second from left, shear-wave anisotropy (AV S , per cent) and fast shear-wave polarization plane (V S1 PP); third from left, V P /V S1 ratio; fourth from left, V P /V S2 ratio. Cool colours represent high values and warm colours represent low values for each seismic parameter. Shading is linear, and all samples are plotted using the same colour scale for each seismic parameter. V P /V S1 and V P /V S2 are plotted on the same scale. Black circle in centre of AV S and V P /V S1 diagrams represents the shear-wave window (35 o from vertical). Pressure-temperature conditions are 3.0 GPa and 750 • C.
samples because pressure-induced increases in wave speed are counteracted by temperature-induced decreases in wave speed. The P-wave velocities of the eclogites are virtually unchanged from STP to peak conditions, whereas a ∼1 per cent reduction is calculated for the peridotites. The S-wave velocities respond more to changes in conditions for both rock types: eclogite S-wave velocities are reduced ∼1-2 per cent and peridotite S-wave velocities are reduced ∼3.5-4 per cent. The changes increase eclogite V P /V S by 1-2 per cent and increase peridotite V P /V S by 2-3 per cent.
Calculated eclogite velocities
The calculated seismic properties of the eclogites at 'peak conditions' (3.0 GPa/750 o C) are compiled in Table 3 and Fig. 4 . The stereonets are oriented such that the foliation is parallel to the perimeter of the stereonet and the lineation is E-W. The P-wave velocities and anisotropies range from 8.0-8.5 km s -1 and 1.0-2.8 per cent. The S-wave velocities and anisotropies range from 4.5-4.8 km s -1 and 0-3.9 per cent; V P /V S1 varies from 1.74-1.81 and V P /V S2 varies from 1.75-1.85. The elastic properties of omphacite and garnet are the most important for eclogite, and the near-isotropy of garnet by guest on February 6, 2013 http://gji.oxfordjournals.org/ Downloaded from and its weak CPOs means that omphacite is the primary source of anisotropy. Omphacite's fast axis for P waves is [001], and the orthorhombic or uniaxial symmetry of the CPOs and coaxial relationship with respect to the foliation and lineation in most samples, leads to the fast propagation direction for P waves being parallel to the lineation. The V P /V S1 and V P /V S2 maxima in the eclogites thus generally also parallel the lineation. A final contribution from the omphacite [001] CPOs is to orient the fast S-wave polarization plane perpendicular to the lineation (within the shear-wave window). This effect is observed in bimineralic samples (A0714S1 and M8709E1).
Phengite or biotite contribute to the foliation in micaceous eclogite, and their strong anisotropy contributes significantly to orienting the fast and slow P velocities parallel and perpendicular to the foliation, respectively. The slowest P-wave velocities in the mica-rich samples (G9708D1 and K5629B) are for waves propagating perpendicular to the foliation; velocities within the foliation are isotropic, yielding an approximately hexagonal symmetry. Micas also control the shear-wave anisotropy in eclogite (G9708D1 and K5629B), producing AV S = 3-4 per cent parallel to the foliation and high V P /V S1 perpendicular to the foliation.
Hornblende is slower and more anisotropic than omphacite, but its fast [001] axis contributes to the fast P-wave velocities parallel to the lineation. Because of its relatively low abundance-even in the amphibole eclogite and zoisite-amphibole eclogites-the effect of hornblende on rock anisotropy is secondary; the velocities of the two eclogites with the most hornblende are not different from the velocities of the others. Hornblende tends to rotate the fast V S polarization planes towards the lineation (within the shear-wave window). Orthopyroxene is faster and less anisotropic than hornblende, but because of weak CPOs and low abundance, it generally has little effect on eclogite velocity, except in the sample with the most orthopyroxene (A0803B1, 16 per cent), where an orthopyroxene CPO that resembles omphacite in other samples yields a fast P-wave direction perpendicular to the lineation. Kyanite is fast and moderately anisotropic, but contributes minimally due to low abundance. A test calculation using Winkler et al.'s (2001) kyanite stiffness matrix for kyanite in A0714S2, which contains this mineral's maximum modal abundance in our study, revealed negligible seismic velocity differences (<1 per cent) from the calculation we report, which employs Vaughan & Guggenheim's (1978) sillimanite stiffness matrix. Zoisite is fast and moderately anisotropic, and the observed alignment of its fast [100] directions perpendicular to the foliation contributes to fast P-wave velocities in this direction, although the contribution is reduced by the low abundance of zoisite. Rutile, common but not abundant, is fast and moderately anisotropic, and serves mainly to maintain high velocities in eclogite, although the rutile CPO in A0803B1 contributes to fast velocities 45 o to the foliation. Coesite is faster and more anisotropic than quartz, and its presence in eclogite at 'peak conditions' contributes primarily to faster velocities (e.g. A0714S1).
In summary, eclogite velocities are primarily controlled by garnet and omphacite modal abundances, and omphacite and mica CPOs. Eclogite is essentially isotropic except for micaceous rocks, which have fast and slow P-wave velocities parallel and perpendicular to the foliation.
Calculated peridotite velocities
The calculated seismic properties of three peridotites at peak conditions are compiled in Table 3 and Fig. 5 . The P-wave velocities and anisotropies range from 7.6-8.8 km s -1 and 7-15 per cent. The S-wave velocities and anisotropies range from 4.2-4.9 km s -1 and 0-12 per cent, V P /V S1 is 1.66-1.91 and V P /V S2 is 1.75-1.97. Peridotite velocities are dominated by olivine, whose fast [100] direction for P waves is parallel to the lineation in A-type CPOs ('Italy') and subparallel to the lineation in E-type CPOs ('Bernard' and 'Finero') (e.g. Karato et al. 2008) . As a result, P-wave velocities are fast parallel to the lineation and slow perpendicular to the lineation in all three peridotites. The V P /V S1 and V P /V S2 maxima mimic the V P maxima, and the minima are perpendicular to the lineation in a wide girdle that spans most of the stereonet. This results in the lowest range of V P /V S1 and V P /V S2 (to a lesser extent) in the shearwave window, most notably in 'Finero', where the biotite produces anomalously low V P /V S1 (1.68) perpendicular to the foliation. The V S1 polarization planes strongly parallel the lineation because of the reinforcing effects of olivine and orthopyroxene anisotropy and CPOs. Shear-wave anisotropy reaches a minimum subparallel to the lineation for all samples because the middle range of V S1 and high range of V S2 occur along the lineation. The middle range of shearwave anisotropy occurs within the shear-wave window for 'Italy' and 'Finero', whereas the middle to upper range occurs within the shear-wave window for 'Bernard'.
Comparison of eclogite velocities to previous studies
The eclogite velocities obtained in this study are similar to those measured in bimineralic eclogite with the pulse-transmission technique. Kern et al. (1999) and AV S = 0-1 per cent at 600 MPa in fresh, massive eclogites from the Cabo Ortegal complex in Spain. Their results are comparable to ours. Fountain et al. (1994) measured V P = 8.24-8.44 km s -1 and AV P = 1-6.5 per cent at 600 MPa in eclogites from the Bergen Arc in Norway. Christensen (1996) and AV S = 0-1.41 per cent for coarse-and fine-grained eclogites from the Sulu region, China. Their calculated velocities are faster than ours because they only used stiffness matrices for garnet, omphacite and rutile and ignored minor, slower phases like quartz, which comprises up to 1.8 per cent of their rocks. Mauler et al. (2000) calculated V P = 7.96-8.55 km s -1 , AV P = 1.1-1.3 per cent, V S = 4.57-4.90 km s -1 and dV S = 0.02-0.05 km s -1 . Their results are comparable to ours. Bascou et al. (2001) calculated V P = 8.39-8.75 km s -1 , AV P = 1.2-2.9 per cent, V S = 4.84-5.00 km s -1 and maximum AV S = 0.74-2.02 per cent for eclogites from various UHP regions. Their calculated velocities are faster than ours and likely an overestimate because, like Ji et al. (2003) , they ignored the contribution of minor, slower phases in their calculations. None of these authors scaled their calculations from STP or used coesite stiffnesses in their calculations. On the other hand, Kopylova et al. (2004) . Calculated isotropic velocities for eclogites and peridotites from this study at STP (0.01 GPa, 25 • C) and at 'peak conditions' (3.0 GPa, 750 • C), using the excel macro of Hacker & Abers (2004) . Each sample was matched to the calculated modal abundances and composition of solid-solution minerals indicated for the single-crystal stiffness matrices used in the 3-D, Mainprice-based calculations. For the eclogites with quartz, STP values were calculated using quartz and peak values were calculated with coesite. Peridotite is more responsive to the change in conditions than eclogite, which produces a tighter clustering of eclogites and peridotites at 'peak conditions' in V p /V s versus V s space.
theoretically derived pressure and temperature derivatives of bulkrock V P , V S , elastic moduli and density. Their eclogite velocities increase rapidly with pressure, reaching V P = 8.5 and 9.0 km s -1 at 4.0 GPa and 6.0 GPa.
D I S C U S S I O N
Distinguishing eclogite from peridotite using seismic parameters
Our results and all previous studies show that eclogite is a nearisotropic rock (4 per cent maximum anisotropy) over a broad range of compositions, mineralogies and structural fabrics. Minor and accessory phases have little effect on anisotropy, with the exception of mica. It is evident from Fig. 4 that the lowest values of shearwave anisotropy for subhorizontally foliated micaceous eclogite are represented in the shear-wave window, meaning that subvertically incident shear waves undergo no splitting. Moderate values in the range of peridotite shear-wave anisotropy are represented in the shear-wave window, however, which may be a means of distinguishing between eclogite and peridotite. V S1 polarization planes strongly parallel the lineation in peridotite but are more variably oriented in eclogite.
V P /V S
Together, the V P /V S ratio and V S can be an effective means of segregating rocks with similar P and S velocities into distinct domains. Fig. 6 displays the isotropic V P /V S ratio plotted versus V S1 for the eclogites and peridotites from this study, calculated at STP (0.01 GPa, 25
• C) and 'peak conditions' (3.0 GPa, 750 • C). Peridotite and eclogite are indistinguishable from one another at high pressure and temperature on the basis of V P /V S ratio, but V S for eclogite can be considerably greater than that for peridotite, especially micabearing peridotite.
The high V P /V S1 ratios that we calculate for eclogite at 'peak conditions' (up to 1.81) have been observed in other studies. Kern et al. (1999) extrapolated an average isotropic eclogite V P /V S of 1.78 at 1400 MPa and 570
• C and Manghnani et al. (1974) measured V P /V S as high as 1.87 in unretrogressed eclogite. On the other hand, Gao et al. (2001) measured quite low V P /V S ratios in unaltered eclogite: 1.70-1.76. Fig. 7 expands Fig. 6 into the anisotropic realm for rays sampling subhorizontally foliated rocks within the shear-wave window. Anisotropy and variability of propagation direction means that a plot of V P /V S1 versus V S1 for a given sample occupies a field on the diagram (rather than a point) that contains the combinations of V P /V S1 and V S1 for all rays in the shear-wave window. This field is non-uniform in that most rays sampling the shear-wave window have V P /V S1 and V S1 values near the centre. Thus, we have colourcontoured each sample by 'ray density', which simply displays the percentage of rays sampling the shear-wave window (by colour) that have given combinations of V P /V S1 and V S1 (the area of each subfield). The result for each sample is a set of concentric ovals with decreasing ray density from the centre. The rocks are plotted at STP (Fig. 7a) and 'peak conditions' (Fig. 7b) . Velocities from the AK135 (Kennet et al. 1995) . V P /V S1 versus V S1 for subhorizontally foliated eclogites and peridotites from this study (multicoloured ovals) within the shear-wave window (35 • from vertical). The 'ray density' colour scale represents the percentage of rays sampling the shear-wave window that have the given V P /V S1 and V S1 values, and is displayed as contoured, multicoloured ovals. Warm colours indicate an abundance of discrete directions within the shear-wave window that have the specified combination of V P /V S1 and V S1 values, whereas cool colours indicate that few directions have these values. Pressure-temperature conditions are (a) standard temperature and pressure (STP, 0.01 GPa and 25 • C) and (b) 'peak conditions' (3.0 GPa and 750 • C). The eclogites with quartz at STP have been calculated using coesite at 'peak conditions'. AK135 (78-120 km) and PREM (80-171 km) model velocities included as green and red boxes, respectively.
1981) models at 77-120 and 80-171 km depth are included for comparison, but we note that those models reflect the bulk Earth, not the subduction zone P-T conditions of 3 GPa and 750
• C. The eclogites form a 'belt' of similar V P /V S1 within a range of V S1 . At STP, the 'Italy' and 'Bernard' peridotites have lower V P /V S1 and higher V S1 than eclogite and exhibit the same relationship to eclogite as Christensen's (1996) dunite and mafic eclogite in V P /V S versus V S space (measured at 1000 MPa). The 'Finero' peridotite clearly occupies its own domain in V P /V S1 versus V S1 space because its high anisotropy and the presence of biotite produce very low V P /V S1 within the shear-wave window. At 'peak conditions' the peridotites still have lower V P /V S1 than eclogite.
Low V P /V S has been observed in tomography studies of mantle wedges. Wagner et al. (2008) attributed low isotropic V P /V S (as low as 1.68) observed in the mantle wedge above the Chile-Peru flat slab to high orthopyroxene concentrations in peridotite (up to 40 per cent, producing V P /V S as low as 1.72) calculated using the elastic constants of Schutt & Lesher (2006) . and Hacker & Abers (2012) noted that such low V P /V S ratios could also be explained by elastic anisotropy inherent in deformed peridotite. Alternatively, we note that the biotite-bearing 'Finero' peridotite has similarly low V P /V S ratios in the shear-wave window because olivine and mica CPOs generate disparately high V P /V S1 parallel to the lineation and low V P /V S1 perpendicular to the foliation. Anomalously low V P /V S1 measured from a mantle wedge may therefore represent metasomatized peridotite with subhorizontally oriented biotite. Such a fabric would be consistent with an upper mantle wedge dominated by corner flow. This is in contrast to conventional canon, which holds that micaceous phases such as serpentine in the mantle increase V P /V S (e.g. Hacker et al. 2003) , and illustrates the importance of considering anisotropy and structural orientation in the interpretation of seismic data.
We have also provided the V P /V S2 ratio for all of the eclogites and peridotites (Table 3) . This is another form of data to use in assessing rock seismic properties, and is a feasible measurement in any shear-wave splitting study. Characterizing a lithology by both V P /V S1 and V P /V S2 may help reduce ambiguity in tomography and anisotropy studies. For instance, Boyd et al. (2004) , in their study of foundering lithosphere under the Sierra Nevada of California, measured arrival times of P waves and both S waves and pathintegrated attenuation of both S waves to invert for variations in velocities of P waves and both S waves and attenuation factors of both S waves. Their combined data revealed variations in V P /V S and transverse S-wave anisotropy and their tomographic inversions substantially reduced variance of the data, which suggests that it is expedient to incorporate the slow shear-wave in this fashion.
Symmetry of anisotropy
Our peridotite velocity diagrams (Fig. 5) indicate that orthorhombic velocity anisotropy for compressional waves in peridotite is a valid approximation; compressional wave velocities are fast in the X direction and similarly slow but distinct in the Y and Z directions. Given that there are five parameters in a hexagonally anisotropic system (also known as radial anisotropy and transverse isotropy) as opposed to nine in an orthorhombically anisotropic system, increased computational feasibility and the availability of code capable of modelling and inverting for the former but not the latter makes it desirable to characterize peridotite as hexagonally anisotropic. This approximation is less valid for peridotite than orthorhombic symmetry because compressional velocities in the Y and Z structural directions are not identical, although they are quite similar. Modelling peridotite as hexagonally anisotropic with a fast unique axis in the X direction is thus less robust than orthorhombic anisotropy, but still a reasonable approximation given the greater computational feasibility for the former.
The general isotropy we have calculated for eclogite means that modelling it using the two Lamé parameters necessary for an isotropic system is generally valid. We have seen (Table 3 , Fig. 4 ) that eclogite anisotropy is sensitive to the presence of moderate quantities of mica, however (e.g. G9708D1, K5629B). Micas are the best approximation to hexagonal anisotropy of any mineral (Fig. 3) and it is clear from Fig. 4 that the phengite-and biotite-rich eclogites (K5629B and G9807D1) are hexagonally anisotropic for compressional waves with a unique, slow axis perpendicular to a fast foliation plane. Furthermore, A0714S1 (no mica), A0714S2 (minimal mica), and K5622A1 (minimal mica) are moderately hexagonally anisotropic for compressional waves, as well as the 'averaged' eclogites in Fig. 4 , indicating that eclogite is adequately characterized by minimal or moderate hexagonal anisotropy, depending on the abundance of mica in the body being sampled by seismic waves.
It is informative to note that, in general, the P-wave anisotropy is not identical to the S-wave anisotropy. Most codes that model and invert for layers of anisotropy in Earth, such as raysum (Fredericksen & Bostock 2000) , do make this assumption. Fig. 8 displays V S1 for two eclogites and a peridotite, and illustrates that only for eclogites with abundant mica are the compressional-and shearwave velocity structures coaxial (both have hexagonal anisotropy). For all other rocks-eclogite and peridotite-the calculated fast and slow shear-wave velocity structures are more complex than their compressional-wave counterparts. It is clear, therefore, that coaxial 3-D compressional-and shear-wave velocity structures require (1) abundant highly anisotropic phase(s) with coaxial 3-D compressional-and shear-wave velocity structures and (2) an otherwise isotropic rock. This is achieved in micaceous eclogite but not in any peridotite we have calculated; this detail should be acknowledged in studies assuming a unique axis of anisotropy for compressional and shear-waves sampling the lower crust and upper mantle.
Connection of eclogite and peridotite anisotropy to petrotectonic regimes
The orthorhombic anisotropy (or fast-axis hexagonal anisotropy as a second-best approximation) of peridotite is central to being able to use seismic waves to infer flow direction within the mantle. Note that the uniaxial velocity anisotropy or near-isotropy of eclogite renders this impossible; instead, one could in principle use the velocity anisotropy of eclogite to infer the orientation of flow planes. Such flow planes may reveal the kinematics of underplating eclogite in orogenic roots (e.g. Saleeby et al. 2003) or Rayleigh-Taylor instabilities with a sheet-like, 2-D geometry (Brownlee et al. 2011) . Sufficiently micaceous eclogite in these settings (likely from metasomatism) could produce a vertical slow unique axis of anisotropy from horizontal flattening or a horizontal slow unique axis of anisotropy from vertical flattening. Uniaxial eclogite anisotropy could also be used to resolve the orientation of deviatoric stress at the time of crystallization, potentially yielding further kinematic and tectonic inferences.
Zones of subducted continental crust like the purported active intracontinental subduction zone under the Pamir (e.g. Burtman & Molnar 1993) contain sufficient K 2 O and Al 2 O 3 to form phengite as a stable phase at eclogitic pressures and temperatures. In such cases, anisotropy perpendicular to the subducting slab due to the presence of phengite is expected. Careful attention in forward modelingand inverting for such anisotropy-may reveal further details of low-velocity zones inferred to represent subducted continental crust (e.g. Roecker 1982 ) and enable further evaluation of the suggestions that such observations represent subducted continental lithosphere.
Our results for isotropic (Fig. 6 ) and anisotropic (Figs 4, 5 and 7) velocities indicate that the compositional effect of mixing mafic rock into the mantle should not change compressional-or shearwave velocities, but may slightly increase V P /V S . We note, however, that because descending mafic rock is colder than the surrounding mantle, an accompanying reduction in temperature should increase compressional-and shear-wave velocities. Deconvolving these compositional and temperature effects is therefore crucial in identifying and characterizing mantle eclogite in its various tectonic contexts.
C O N C L U S I O N S
We have computed the 3-D variation of seismic parameters for a range of eclogite and peridotite compositions and structural fabrics, both at STP and at 'peak conditions' (3.0 GPa, 750
• C). For eclogite, the P-wave velocities and anisotropies range from 8.0-8.5 km s -1 and 1.0-2.8 per cent. The S-wave velocities and anisotropies range from 4.5-4.8 km s -1 and 0-3.9 per cent. For peridotite, the P-wave velocities range from 7.6-8.8 km s -1 and 7-15 per cent. The Swave velocities and anisotropies range from 4.2-4.9 km s -1 and 0-12 per cent. Eclogite is only weakly seismically anisotropic, and while increased mica content markedly increases anisotropy, typical mica abundances are too low in eclogite for its anisotropy to approach that of peridotite. V P /V S1 is generally higher in eclogite than peridotite. Anomalously low V P /V S1 is observed in vertically incident rays sampling subhorizontally foliated, metasomatized peridotite containing biotite.
Our results indicate that peridotite is best modelled using orthorhombic symmetry. Hexagonal symmetry with a fast unique axis is a less robust but reasonable characterization of peridotite and hexagonal symmetry with a slow unique axis is a robust approximation for micaceous eclogite. We stress that it is important to consider anisotropy in teleseismic studies and tomographic inversions. While it is challenging and computationally more demanding to incorporate the effect of anisotropy in such studies, attention to these details may be an effective method for eliminating lithologic and geodynamic ambiguities inherent in isotropic assumptions.
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